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SUMMARY
The purpose of this contract was to design and build a microfocus ion optical system which represents an order of ragnitude improvement in the state-of-the-art. This system, the Advanced Ion Microprobe, is to be used as a sophisticated source system for an analytical mass spectrometer which is being designed and constructed as a joint effort of three separate laboratories.
Earlier theoretical studies suggested that it should be possible to achieve sufficient improvement in the limiting physical parameters of a microfocus ion optics system (the aberrations of the ion focusing lenses) to achieve the desired advance in performance required for the Advanced Ion Microprobe.
Computerized ion ray trace design techniques developed in the earlier studies were used to design the basic ion optic elements of the system. These theoretical designs were then transformed into realizable m^chanicol configurations which world accommodate the wide variety of operational requirements of the system and compatibly interface with the remaining components of the mass spectrometer system being constructed by the other laboratories. Great care was taken in the calculation and design to anticipate potential problem areas to eliminate the need for reworking and redesign. The mechanical tolerances demanded by the physics of the design were at the lower limit of available techniques and required carefully planned and executed fabrication methods.
The testing and operation of the system was done using the interfacing vacuum system and electronics from the other laboratories. Although the tests were limited in both time and ultimate level of performance due primarily to electronics difficulties, the results obtained were very e.icouraging.
The system displayed outstanding raliability and stability throughout the tests. The performance down to the limits imposed by the available test methods and equipment was very close to the theoretical predictions.
Primary beam spot sizes ot 0.34 microns were observed on the sample with a delivered current of ZxlO -11 amps and a density of 22 ma/cm 2 . This measurement was made using positive ions with the ion source running on air. A theoretical estimation of the maximum possible positive ion current and current density, which considers only the deleterious effect of objective lens spherical aberration, predicts a total current of 2.7 8x10 11 amps and a density of 30 ma/cm 2 in a 0.34 micron spot. This same estimation predicts an ultimate spot size of about 0.05 micron with a current of 1.7xl0 13 amps and a density of 8.5 ma/cm 2 . In practicer the ultimate spot size will b» influenced by more than just spherical aberrations and a more realistic estimate of the actual minimum spot size would be closer to 0.1 micron. When negative primary ions are used, the currents and curront densities would be reduced approximauely one "rder of magnituda.
The gas load imposed on the vacuum system by the components of the Advanced Ion Microprobe is less than that of the vacuum chamber itself and is estimated at approximately 4-5x10 6 torr.j.iter/sec. These gas loads are sufficiently low that they should not impair the operation of the overall system. INTRODUCTION This report covers one portion of the design, construction, and testing of the Advanced Mass Spectrometer (AMS), a very large analytical mass spectrometer system. In concept the AMS is a highly sophisticated and technically advanced version of the Ion Microprobe Mass Analyzer (IMMA) sold commercially by Applied Research Laboratories. The AMS is being developed in a joint effort between Rensselaer Polytechnic Institute, General Electric's Vallecitos Nuclear Center, and Applied Research Laboratories' Hasler Research Center. Tho portion of the AMS developed in this laboratory is the ioa optics of the mass spectrometer's scarce system rfhich is called the Advanced Ion Microprobe. The Advanced Jon Microprobe requires a high vacuum chamber and pumping sysi-em, a sample stage, and considerable electronics for its operation in addition to its ion optics column. This supporting apparatus was not produced as a part of this contract but was supplied by tk« Vallecitos Nuclear Center.
This report discur-es the function of the components which comprise the Advanced Ion Microprobe, their design, and the results of our testing of these components.
FUNCTIONAL DESCRIPTION
The Advanced Ion Microprobe (AIM) is basically an ion source unit for an analytical mass spectrometer. It generates ions from the atoms which make up the matrix of a solid sample and accelerates these ion in the proper direction and with the proper energy so the charge-to-mass ratio of the ions and pi* II II -' their abundance can be measured in the mass spectrometer. The resulting data permits the analyst to determine the chemical and/or isotopic composition of the sample.
The AIM creates ions from the surface of a sample by striking the sample with a very small diameter beam of very high velocity (20 kev) ions of selected gasses (oxygen, nitrogen, argon, etc) . These impinging primary ions remove the atoms from the sample surface via a sputtering process which also ionizes a large portion of the sputtered sample atoms. The ionized sputtered atoms are then called secondary ions. See Figure 1 for an illustration of the major components of the AIM.
The sputtered secondary ions are prepared for analysis by the mass spectrometer by the secondary ion column. The secondary ion pickup electrode provides the initial extraction of the secondary ions from the vicinity of the sample and accelerates them to a moderate energy (1.5 kev) and into the immersion lens. The inunersion lens further accelerates the ions up to the final energy (15 kev) required by the mass spectrometer and also focuses them through the secondary ion slit which acts as the object point for the mass resolving system. The primary ions striking the sample generate large quantities of secondary electrons as well as secondary ions. The secondary electrons can be used to image the topography of the sample in a manner similar to a scanning electron microscope. Since the system uses only electrostatic fields in its optics, the secondary electrons will be collected and focused in a manner similar to the secondary ions. This permits the secondary electron detector to be placed after the secondary ion slit. The primary ions are created by a plasma discharge in a partial vacuum of the selected gas in the duoplasmatron ion source. The selected gas is metered into the ion source by the gas manifold.
The beam of primary ions from the duoplasmatron ion source is focused into a very small diameter spot on the sample surface by the action of three electrostatic lenses, the first condenser lens, the second condenser lens and the objective lens, m the primary ion column, A set of electrostatic ^flection plates just before the objective lens permits the primary ion beam to be moved across the sample surface A primary beam current monitor located between the second condenser lens and the deflection plates permits the primary beam intensity to be continuously monitored. An electrostatic astigmator located just before the second condenser lens permits a reduction in astigmatism of the focused primary beam.
The critical focusing of the primary ion beam is protected from the degrading effect of external magnetic fields by the Primary shielding effect of the iron primary column mounting tube and the secondary shielding effects of the iron lenses and the "mu-metal" secondary magnetic shielding tubes The magnetic shielding for the secondary ion column is provided by the iron construction of the immersion lens and secondary electron detector deflection plates.
Proper functioning of the instrument requires that it operate in a very high vacuum. The vacuum is provided by a three-stage differentially pumped vacuum chamber which is isolated into three compartments by the differential piping baffles. The differentially pumped system permits the high «as load from the duoplasmatron ion source to be efficiently pumped while maintaining extremely low pressures at the sample -■-in ■ «mmmm^mim* m mmmmmm* '«■ A liquid nitrogen cooled cold dome is provided which completely surrounds the sample surl^e in the analysis position. The cold dome acts as an efficient trap for any residual gas molecules which remain in the vacuum system and might condense on the sample surface.
DESIGN OF THE ADVANCED ION MICROPROBE
4A. DISCUSSION OF PHASE I
At the original conception of the project it was determined that acceptable levels of performance were unobtainable with existing "state-of-the-art" primary column objective lenses. The spherical aberration of the available lenses was sufficiently high that the attainment of acceptable spot sizes required very small apertures for the lenses which reduced the current densities delivered to the sample to unusable levels.
Before undertaking tie actual construction of hardware it was obvious that the feasibility of a superior objective lens would have to be determined. Therefore, Phase I* of the develop.rent of the AIM was undertaken to utilize computerized ion ray tracing techniques to develop a lens design with sufficiently low spherical aberrations that meaningful analyses could be made in the desired range of spot sizes. The Phase I contract resulted in a new lens design which reduced the spherical aberration (CJ from 198 cm for the commercial IMMA to a value of 39 cm. This theoretical lens design predicted a potential of O.ly spot sizes with usable current densities. Based on the results of the Phase I study it was decided to proceed with Phase II of the project, the actual design and construction of an AIM system, which is the subject of this report and contract. At the start of this contract, further computerized ray trace lens studier, were made to give us a lens which would not only result in a low spherical aberration but would be physically realizable in terms of interfacing with the secondary ion column requirements, the cold dome, etc. This resulted in a configuration with an even better spherical aberration coefficient of 23 cm and a theoretical spot size limit of about 0.05 micron. The computer configuration is shown in Figure 2 and the actual mechanical configuration is shown in Figure 3 .
The focal working distance versus excitation ratio is shown in Figure 4 .
Using the information shown in Figure 5 , which shows the spherical aberration effects for parallel rays of ions entering the lens at various distances from the axis, the effects of aperture centering were estimated. These data are for an aperture located at the lens i.e. the aperture diameter would correspond to the diameter of a column of parallel ions entering the objective lens. 
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The data cfraphically shows the importance of centering the primary beam on the objective lens. The centering must be done to precisions of much better than 25 microns to avoid severe deterioration of performance.
4B(2). Pickup Electrode and Immersion Lens
The tilted sample configuration for the objective lens and pickup electrode was dictated by considerations of the optical viewing path, physical clearance for the pickup electrode relative to the objective lens, and the objective lens working distance. An ion optics benefit was derived from this purely mechanical design compromise. The computerized ion ray traces s.iowed, and the tests later confirmed that an increase in transmitted secondary ion current was possible by operating the equipotential surface formed by the cold dome and objective lens at a potential somewhat higher (300 to 800 volts) than the pickup electrode potential. The tiltec configuration of the cold dome relative to the sample enables this bias to repel the secondary ions towards the pickup electrode.
The virtual object formed by the secondary ions passing through the pickup electrode is very confused.
(See Figures 6 and 7.) This poor quality object will limit the quality of the focus achievable at the secondary ion slit. When the polarity of the secondary beam relative to the primary beam is changed, the location of the virtual object will shift due to the lateral deflection of the primary beam after it leaves the objective lens. This deflection is caused by the attractive or repulsive force of the field from the pickup electrode. This shift in position as well as the nominal pickup electrode geometry is shown in Figure 8 . The virtual object shifts approximately 0.15 mm laterally and 1.3 mm longitudinally relative to the axis of the secondary column. The nominal object point of the pickup electrode-immersion lens optics was placed approximately haifway between these two points. 
VIRTUAL OBJECT CREATED BY SECONDARY ION PICKUP ELECTRODE FOR SAME POLARITY PRIMARY AND SECONDARY IONS (30 VOLT BIAS ON COLD DOME)
Th computer configuration of the inunersxon lens is shown in Figure 9 . It is designed to have an object working distance of 6 cm and an image working distance of 2.82 cm. The lateral .r.agnification is c.pproximately 0.433 (i.e. image size -0.433X (object size))and due to the accelerating action of the lens, the angle of convergence of the ions approaching the image point is approximately 0.7 3 times the divergence angle of the iens leaving the object point.
4C
.
DETAIL DESIGN
4C(1). Selection of Basic Column Configuration
The combination of a 15 kev secondary beam and the low secondary ion extraction potential for the pickup electrode dictated the use of an immersion lens in the secondary ion column. The immersion lens transfers the secondary ions from the 13.5 kev potential of the pickup electrode down to the ground potential of the slit and the mass spectrometer and at the same time focuses the ions on the slit. Two choices were available on primary column configuration. One had the 30urce and condenser lenses at ground potential and used another immersion lens just before the objective lens to transfer the primary beam up to the 15 kev potential of the sample. The second choice eliminated the immersion lens in the primary column but required the source and the entire primary column to float at a potential close to that of the sample. The second approach was selected because, in part, it minimized aberrations, it enabled the duoplasmatron ion extractor electrode and the condenser lenses to work at a constant and optimum potential, and it reduced the size of the components. The disadvantages are that it requires the primary beam deflection plates and current monitor to float at high voltage and it would somewhat complicate the installation of a primary column magnet if one were desired at some future date.
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A tl.rcc lens prirrary column was selected to achieve the desired demagnification within a reasonable physical length.
It was desired to have the entire AIM system designed so it could be completely assembled on the bench and then installed through a single flanged opening on the vacuum system. Due primarily to the physical size of the immersion lens this would have required a very large, expensive, and difficult to use "Wheeler" type flange. It would have also greatly complicated the design and cost of the differential vacuum pumping system. As a result, it was decided to make tne secondary ion column a prealigned module which could be easily plugged into the primary column after the primary column was installed in the vacuum chamber. This decision also greatly simplified the design of the secondary electron detector by allowing it to be located after the immersion lens.
4C{2). Primary Ion Source
The primary ion source is a slightly modified version of the standard ARL duoplasmatron with adjustable "Z" electrode as used on ARL's commercial Ion Microprobe Mass Analyzer (IMMA). The standard API. source is well saited for generating 20 kev beams of positive or negative ions for this application. However, it is designed to function with its extractor electrode and mounting flange at ground potential rather than at the 13.5 to 14.5 kv of the floating primary ion column of the AIM.
The only modifications made to the duoplasmatron were to permit it to be floated at this higher potential. The modifications consisted of a longer dielectric handle on the "Z" electrode adjustment, a corona shield surrounding the source at the potential of its mounting flange, and a redesigned gas manifold capable of withstanding the 35 kv required for the floating duoplasmatron. The remainder of the source uses offthe-shelf ARL parts to permit convenient and economical repair and maintenance.
The relative abundance of positive or negative ions and electrons varies across the width of the plasma in the duoplasmatron. The positive ions and electrons are most abundant in the center and the negative ions are relatively more abundant towards the periphery of the plasma. The "Z" electrode determines the position of the plasma relative to the ion extr -tion hole in the anode. By moving the "Z" electrode relative to the anode, the yielc* of the desired charged particle can be optimized. The adjustable "Z" electrode is achieved by making the electrode in two parts with a nonconcentric interface and then rotating one part relative to the other.
The gas manifold is very similar to the one used in the ARL IMMA. The higher dielectric isolation required in the AIM was achieved by mounting the components in a cylindrical corona shield and isolat ing that by large air spacings and an acrylic support. The corona shield is designed with a series of holes in each end of the cylinder to provide for air flow in the event forced air cooling of the duoplasmatron is required in the future. This modification would require the addition of a fan and two plastic collars.
The gas manifold is designed to slide on its support away from the duoplasmatron to permit servicing of the source without disconnecting anything except the lines to the duoplasmatron and the flange which supports the leak valve adjustment mechanism.
The normally used needle type leak valve has been replaced with a much more stable and reproducible type of valve. It is basically a rotating ball valve with a 0.0005" groove in the periphery of the ball. The adjustment of the valve is made via an insulating shaft and a worm gear and dial on the outside of the high voltage enclosure.
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The gas manifold is equipped to carry a standard thermocouple or thermopile vacuum gauge tube and it has a pneumatically actuated valve to permit rapid pumpdown of the source via a separate line.
The gas manifold corona shield contains a terminal block to connect the high voltage supply cable to the duoplasmatron leads. The resistors to provide "Z" electrode bias and cathode drop are mounted on this terminal block. The high voltage cable and the gas and vacuun lines are brought into the corona shield through the vent holes in the rear of the shield.
A major problem in the system design was achieving the required vacuum at the sample while pumping the gas load which leaks through the ion extraction hole in the duoplasmatron anode. This gas load is estimated at 2 to axlO -1 * torr« liters/ second. The bulk of this gas load is pumped at a pressure in the mid 10 6 torr range in the first stage of the differential pumping system above the first condenser lens.
4C(3). Column Mechanical Mounting
The mounting structure for the ion optics elements of the AIM must satisfy four primary criteria. It must provide a rigid, vibration free, and precise mounting for the ion optic elements. It must provide sufficient high voltage isolation to permit the column to be floated to the sample potential. It must provide magnetic shielding. And, it must be vacuum compatible, providing for the differential pumping baffles while allowing adeq* ate conductance for effective pumping in each stage.
The basic mechanical structure is the primary column mounting tube which consists of a five inch diameter cylinder machined from a single forged billet of Armco iron. This tube
contains three shoulders which locate the three primary column lenses on a common axis with a high degree of precision. In addition the center lens (second condenser lens) is provided with an external mechanical centering mechanism via differential screws and insulated shafts. This allows adjustment of the lens centering to compensate for the slight flexing of the tube under atmospheric pressure loading and for variations in machining tolerances. The upper end of the tube is located to the duoplasmatron mounting flanqe by a precision shoulder and is held by a set of clamps. The duoplasmatron is precisely located to this same flange by a dowel and diamond pin combination. Provision has been made for future installation of an adjustment mechanism at the base of the ducp? asmatron which can be incorporated with only minor modification which will permit the duoplasmatron to be independently aligned to the system. The secondary ion column is mounted on a flat machined on the side of the primary column tube at the sample end. The secondary column is located relative to the objective lens by a dowel pin and two diamond pins and is held by two screws permitting easy removal and insta 1 lation while maintaining alignment.
The high voltage isolation and the mechanical support of the system is provided by two components. The upper end of the primary column is supported by a metal diaphram which is attached to the outside of the duoplasmatron mounting flange. The inside edge of the diaphram is connected to one end of the primary column mounting insulator. The other end of the insulator fastens to the main vacuum flange. This assembly rigidly locates the upper end of the tube in the lateral directions but permits some longitudinal freedom via the flexible diaphram. The main vacuum flange is a rotary flange so no rotational constraint is provided at this end of the column until the flange is tightened. This support assembly is vacuum tight and acts as a continuation of the vacuum chamber
The sample end of the primary column mounting tube is carried by two one-inch insulating ceramic balls. One ball seats in a round socket on the underside of the tube just toward the sample from the objective lens mounting shoulder. The second ball rides in a "Vee" groove parallel to the primary beam axis on the upper side of the tube. These balls are clamped into their sockets on the tube by an antivibration mounting yoke which is rigidly mounted to the same end plate of the vacuum system that carries the sample stage. This is done to minimize the vibration of the sample relative to the objective lens. The lower ball locates the height of the column at the sample and provides lateral and longitudinal location of the column in the horizontal plane. The upper ball provides rotational constraint of the column about the primary beam axis.
The primary magnetic shielding for the primary ion column is provided by the annealed and degaussed Armco iron construction of the primary column mounting tube. A secondary magnetic shield is provided by pairs of telescoping "Mu-Metal" tubes in the drift space between the lenses and between the duoplasmatron and the first condenser lens. The primary column lenses are also made of annealed Armco iron and are magnetically insulated from the primary column mounting tube so the lens housings act as a secondary magnetic shield and their center electrodes act as a tertiary magnetic shield in the region of highest magnetic field sensitivity of the ion beam. The shielding factor is low at the sample surface, being approximately a factor of three due to the end of the column tube being flush with the sample surface. The shielding factor at the sample will be supplemented greatly through the use of a high magnetic permeability sample holder on the stage. The next lowest shielding factor is in the duoplasmatron ion extractor where the shielding factor is approximately 30. At the upper entrance to the column tube the factor become^ 3C0 and increases rapidly to over 3000 for the rest of
23 the primary ion trajectory except for the interior of the lenses where the factor drops to 200 to 300.
The magnetic shielding of the secondary ion column is provided by the annealed Armco iron construction of the immersion lens and secondary electron detector deflection plates and by a rolled tube of "Mu-Metal" inside the secondary ion pickup electrode tube.
The three chambers for the differentially pumped vacuum system are obtained by compartmenting the outside of the primary column mounting tube by two flanges welded to the tube which press against thin kovar disks on the insulating differential pumping baffles. The baffles, in turn, mount on walls of the vacuum chamber completing the compartment. The chamber with the highest vacuum consists of the entire secondary ion column and sample region. The intermediate vacuum chamber consists of the interior of the primary column mounting tube between the first condenser lens and the objective lens and the region outside the tube between the two differential pumping baffles. The gas load from this region of the tube is pumped through a series of one inch holes in the sides of the tube between the two baffles. The highest pressure region occurs between the duoplasmatron and the first condenser lens. The bulk of the gas load from the duoplasmatron is pumped through another set of one inch holes in the sides of the tube between the duoplasmatron mounting flange and the first condenser lens. To ensure compatibility with the high vacuum, all parts subject to corrosion have been electroless nickle plated with some components receiving additional gold plating.
4C(4). Primary Column Lenses
To simplify and economize design and fabrication, the same basic lens design is used for all three primary column l^^P^ wmmm.
lenses. However, due to the extremely tight hand fit tolerances requred for acceptable aberrations, the individual parts of the lenses are not interchangeable. In addition, each lens has been hand fitted to its own mounting shoulder in the primary column mounting tube to ensure concentricity. A spare lens has been provided which has two sets of cover plates which permit it to be used in any of the three locations.
The computerized lens studies showed that asymmetrical lenses reduce aberrations; however, the degree of asymmetry is limited by high voltage breakdown of the elements. A voltage gradient of 100,000 V/cm was used as a practical upper limit in the lens design.
The acute space problems associated with the magnetic shielding, the pickup electrode and the differential pumping baffles led to the use of a ball bearing syle construction for the lenses. The final machining of the inner surfaces of the lens was done with the lens assembled to ensure intrinsic concentricity of the elements.
The lens cup, the center element, and the lens cover are made from annealed Armco iron which has been electroless nickel plated and then gold plated to ensure good surface electrical conductivity and freedom from corrosion. The outer rim of the lens cover where it seats into the shoulder of the primary column mounting tube is stainless steel which as been welded to the center iron section. The stainless steel provides the magnetic insulation for the secondary magnetic shield as well as a more durable surface for the removal and reinsertion of the lens. The stainless steel has been treated with "Microseal" dry film lubricant to protect against galling. The lens cup has six holes around its periphery to provide for vacuum pumping, insertion of the ceramic insulating balls which The differential s< rew lateral adjustment mechanism for the second condenser lens provides a motion of approximately 0.010 inch per revolution and is driven from outside the vacuum system by insulating ceramic rods and bellows type universal joints.
4C(5). Primary Ion Beam Deflection System
The primary ion beam deflection system is used to move the focused primary ion beam over the surface of the sample. This is done with tvo pairs of electrostatic deflection plates for each axis of deflection. The deflection plates are located just before the objective lens. The use of two pairs of deflection plates permits the beam to be "pivoted" about the nominal center of the objective lens thereby minimizing the aberrations of the beam as it is being deflected. If the beam is allowed to go through the lens off center the aberrations are severely increased as discussed in Section 4B(1). The pairs of deflection plates are made with large aspect ratios of length and width to separation to minimize the distortion of the beam due to fringing fields at the edges of the plates.
The deflection plates are mounted in an electron discharge machined aluminum frame which mounts directly on the objective lens cover. The individual deflection plates are made of aluminum and are heavily anodized in selected areas to insulate them from the mounting frame. The portion of the plates exposed to the ion beam are gold plated. Each plate is equipped with a sealed spark gap unit connected to the frame to protect the anodized insulation from high voltage transients.
4C(6). Primary Beam Aperture
The limiting aperture for the primary ion column optics is located at the end of the deflection plate frame away from the objective lens. This location, before the deflection plates, is forced by the type of deflection system and the nature of the electrostatic lens. In general, it is not desirable to have the aperture this far away from the objective lens because of the small diameter aperture which is required. However, the advantages of the double deflection plate system plus the ability to optimize the effective angular aperture for desired spot size by manipulation of the relative demagnification of the two condenser lenses hopefully offsets any disadvantages of the small size aperture.
The combination of the aperture location plus the use of two condenser lenses permits the effective angular aperture at the objective lens to be adjusted independently of the total column demanginfication. This, in turn, permits the objective lens angular aperture to be optimized to give maximum current in the selected size spot. For an objective lens with spherical aberration coefficient, C , the maximum current density in a spot of diameter d is achieved if:
C or s where a is the half angle of the cone of ions converging onto the sample. By adjusting the demagnification of the objective lens so its object point is the proper distance before the aperture, the desired a can be obtained. Since there < re two independent condenser lenses, the crossover point (or focus) of the second condenser lens can be placed at the object point required by the objective lens for the correct value of a and at the same time the total system demagnification required to produce a spot size "d" can be obtained. This is virtually equivalent to having a mechnically adjustable aperture at the objective lens.
The alignment requirements of the aperture (See Section 4B(1).) are critical for proper performance of the AIM. This necessitates an externally adjustable aperture. The adjustment is obtained by a pair of rotary vacuum feedthroughs driving a pair of screw shafts mounted on the primary column tube via insulated couplini rods. The screw shafts actuate a pair of class two levers whose fulcrum is on the aperture end of the primary deflection plate frame. The levers move a hardened stainless steel plate carried on the end of the deflection plate frame by a ball thrust bearing and springs. The hardened stainless steel plate carries the aperture and the primary beam current monitor. The overall system allows for extremely fine motion of the aperture (50 to 70 microns/revolution).
The optimum size of the aperture is 75 to 100 microns and standard catalog electron microscope apertures are used.
4C(7). Primary Beam Current Monitor
The primary beam current monitor is constructed as an integral part of the primary aperture system. It is designed so it gives a continuous signal which can be monitored simultaneously with the analysis of the sample.
The monitor consists of a long thin met^i tube supported by a sapphire insulator which has the end of the tube away from the primary ion source partially blocked by the primary beam aperture. This closed end tube acts as an excellent faraday cup for capturing the ion (or electron) beam entering the open end of the tube without losing significant charge due to secondary electrons. The small hole at the bottom end of the tube (the aperture) permits a small fraction of the intercepted beam to pass on through the faraday cup to the objective lens and sample. Immediately preceding the faraday cup tube is another aperture which is electrically "grounded"
to the primary column mounting tube and is about six times larger in diameter than the primary beam limiting aperture. This larger aperture Ls much smaller than the entrance to the faraday cup tube so it performs two functions. It ensures that the beam which enters the cup strikes the internal surfaces of the cup well down inside the tube. This ensures retention of the secondary electrons. It also provides a well defined diameter to the beam entering the cup so the fraction of beam exiting the cup through the limiting aperture will be a constant fraction of the signal collected by the cup. As a result, for a fixed demagnification in the primary column, the current monitor signal will always maintain a constant proportionality to the beam current delivered to the sample. Typically, the monitor current is 30 to 40 times the sample current.
The current collected by the faraday cup is fed into a shielded cable through a spring wire "cat's whisker" which contacts the side of the faraday cup tube.
4C(8). Astigmator
An eight pole electrostatic astigmator is mounted on the cover of the second condenser lens. Although the need for this unit has not yet been experimentally demonstrated, it has been installed as an aid to improving performance in the future.
4C{9). Visual Optics
An optical path for viewing the sample surface during analysis has been provided which will permit the use of an optical microscope with a working distance of 1.8" or greater. The viewing path passes over the edge of the sample and reflects off of a mirror mounted on the bottom of the objective lens just below the pickup electrode. The angle of incidence of the viewing path is tilted 31 degrees from a perpindicular to the sample surface. The liquid nitrogen cooled cold dome is mounted on the sample side of the objective lens. It is shaped so the chilled metal surface subtends a full 2TI solid angle from the sample surface except for the openings for the nose of the objective lens, the viewing optics mirror, and the secondary ion pickup electrode. The cold dome is constructed with a liquid nitrogen reservoir of approximately 40 cc capacity. It has a stainless steel bellows liquid nitrogen feedline c minq into the bottom of the reservoir and an identical bellows for a vent coming out of the top of the reservoir. By connecting a dewar to the lower feedline external to the vacuum system and maintaining the level of nitrogen in the dewar at a height equal to midpoint of the cold dome reservoir, the liquid will seek its own level and a supply of liquid will be maintained in the cold dome with a minimum of vibration and percolation.
The body of the reservoir and the metal surface between the objective lens and sample are made from a single sheet of OFHC copper to ensure optimum thermal conductivity. The cold dome is rigidly supported and thermally insulated by six very thin stainless steel strips which connect to the base of the objective lens and to the primary column mounting tube.
Since the cold dome and objective lens are electrically connected, the cold dome acts as a continuation of the equipotential surface of the nose of the objective lens. This equipotential surface along with the pickup electrode and the sample surface determines the ion optics of the pickup electrode system.
C(11). Secondary Ion Pickup Electrode and Immersion Lens
The secondary ion pickup electrode and the immersion lens are the basic components of the secondary ion column. 
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They are mounted as an assembly on a precision 15 degree stainless steel wedge. The wedge is then mounted on the side of the primary column mounting tube. The alignment of the secondary column to the objective lens and sample is very important. The secondary column components and wedge have been machined as a prealigned assembly which was then aligned to the objective lens and located with a precision dowel pin and two diamond pins. The use of the pins permits the secondary column to be removed and replaced on the primary column without disrupting the alignment. Minor fine alignment of the pickup electrode to the sample and objective lens is possible through the use of adjusting screws in the pickup electrode mounting flange located at the input to the immersion lens.
The first half of the immersion lens and the pickup electrode operate at 13.5 kv and are insulated from the wedge and primary column by four ceramic balls. The second half of the immersion lens is electrically grounded and is insulated from the first half of the immersion lens by four ceramic balls, The entire assembly is clamped to the wedge with tension screws and ceramic spacer insulators. The lens is made of annealed Armco iron for magnetic shielding and it has been ei^ctroless nickel and gold plated to protect against corrosion and ensure good surface conductivity.
4C(12). Secondary Ion Slit
The immersion lens focuses the secondary ions sputtered from the sample into a real image immediately after the lens. This real image is used as the object for the mass spectrometer optics. Since the virtual object created by the pickup electrode is poorly defined the qaality of the focused real image may not be sharp enough for high quality mass analysis. This problem is solved by placing a slit at the position of the focused secondary beam which cuts off the fuzzy edges giving a sharp well defined object for the mass spectrometer optics.
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To enable the operator to select the best tradeoff of signal level versus mass spectra quality an adjustable slit mechanism has been provided. The adjustable slit consists of a thin sheet of stainless steel with a series of four holes which act as tfv slit openings. This is mounted on a precision linear motion ball slide which can be moved via a feedthrough on the vacuum chamber. Each of the holes is a different size which enables the operator to select the best of the four slit openings for his particular problem.
For reasons associated with the ion optics of the mas spectrometer, it is desirable to have the length (or height) of the slit equal to one-half of its width. For this case, the slit openings are a set of rectangular holes whose dimensions are 0.005" x 0.003", 0.010" x 0.005", 0.020" x 0.010", and one very large opening which allows the full beam to pass. Since the small dimension is in the vertical direction, the vertical alignment of the slit is the most critical and the externally adjustable slit motion is in the vertical direction.
For cases where the restricted height of the slit is not necessary, a second slit assembly is available which has a more conventional long vertical slot for openings. In this case, the system is designed to have the slit motion in the more critical horizontal direction.
The slit assembly and ball slide are mounted on a plate which is fastened to the grounded exit portion of the immersion lens with two screws and is located with dowel pins.
4C(13). Secondary Electron Detector
The secondary electrons created at the sample are collected by the pickup electrode and are focused and accelerated by the immersion lens in a manner similar to the negative ions.
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The detector for the secondary electrons works by deflecting the beam of electrons into a scintillator, light pipe, and photomultiplier tube assembly after they have passed the secondary ion slit assembly. When detecting electrons with a scintillator, it is desirable to have an electron energy greater than the 15 kev they have upon leaving the immersion lens. For this reason, additional acceleration is given to the electrons after they leave the immersion lens on the way to the scintillator.
The secondary electron detector deflection plates are located immediately after the grounded secondary ion slit assembly. The deflection plates are mounted in a rectangular four sided box which has a hole at one end for the ions and electrons to enter and a rectangular aperture at the exit end to limit the angular spread of the secondary beam as it enters the mass spectrometer when the secondary electron detector is not being used. When the electron detector is not in use, this entire assembly is electrically grounded; although, small voltage biases can be used on the plates to steer the secondary ion beam in a horizontal direction as it enters the mass spectrometer.
When secondary electrons are to be detected, the deflection plate to the right of the ion beam travel is grounded and the scintillator and the plate to the left of thp beam are raised to a high positive voltage (+15 to 30 kev). The box which supports the plates is raised to one-half the voltage of the scintillator via a resistive voltage divider between the plates. When the electrons and negative ions leave the immersion lens-slit assembly they get accelerated as they pass into the box. Upon entering the box they see two plates of apparently equal voltage but opposite polarities and they are attracted to the positive polarity (left hand) plate. The charged particles then pass through a hole in this plate and into the scintillator which is located immediately behind the hole. Since the deflection is electrostatic, the negative ions and electrons follow the same trajectory. The scintillator is covered with an opaque coating of aluminum to prevent charge buildup. The coating is thick enough to effectively stop the ions before they reach the scintillator but let the electrons pass.
The deflection plate assembly is made from annealed Armco iron for magnetic shielding and has been electroless nickel and gold plated. It is mounted to the secondary ion slit mounting plate with screws and ceramic balls.
TESTING AND PESULTS
The AIM was tested using the vacuum chamber, pumping system and electronics constructed by Vallecitos Nuclear Center (VNC) for use within the overall system when the AIM is installed on the Advanced Mass Spectrometer. This was done to avoid expensive duplications of equipment and to permit "shakedown" testing of the vacuum and electronics equipment at the earliest possible date.
A four-month period of extensive testing was scheduled but the bulk of this time was spent on troubleshooting and repair of electronics problems. Out of the four-month testing period, a total of only 21 days was spent in actual operation of the ion column.
5A. VACUUM SYSTEM
The VNC vacuum system consisted of the stainless steel vacuum chamber, two Varian two-cell ion pumps, two sorption type roughing pumps and manifold, a "Gasp" roughing pump, and a thermocouple gauge for measuring the pressure in the
34 duoplasmatron gas manifold. No sample stage or sample introduction valve was provided. We added an Aerovac residual gas analyzer (RGA) to accurately measure the vacuum pressures in the chamber.
After several months the empty "blanked off" chamber pumped to 2x10 8 torr. The RGA spectrum showed definite signs of carbon indicating the the original vendor did a less than satisfactory job of cleaning the chamber.
With the complete AIM installed in the vacuum chamber including a very crude sample holder, it would pump to 3xl0 _8 torr in several days time and the RGA spectrum indicated no increase in the "dirty" components of the residual gas. This clearly indicates that the AIM materials and cleaning methods were satisfactory.
The system was not tested with the differential pumping baffles installed for two reasons. The full set of vacuum pumps were not provided and the differential pumping baffles required modification to properly fit into the system. We performed the modifications to the baffles for VNC, but they were completed at too late a date for installation.
With the duoplasmatron in operation the system pressure was typically in the mid 10~7 torr range with both pumps operating.
5B. MECHANICAL
The mechanical assembly, alignment, and installation went very smoothly without any major difficulties. Only several problems are worthy of note. The previously mentioned differential pumping baffle problem involved a vendor dimensional error which wr were able to correct. The antivibration yoke, which
mounts the lower end of the primary column, required modification and a number of locations on the vacuum chamber flanges required the installation of threaded inserts in place of nuts and bolts to permit accessibility for servicing.
The mechanical alignment adjustments work very smoothly with the exception of the second condenser adjustment which is subject to a small amount of "slip-stick" motion due to a sliding surface which was roughened more than desired during vacuum lubrication. Also the bellows used for universal joints for this lens adjustment are more flexible than desired resulting in some torque windup during adjustment.
5C. ELECTRONICS
The electronics provided by VNC consisted of a high voltage power supply for the primary column, a high voltage power supply for the secondary column, five high voltage resistive dividers to provide the various voltages required by the primary and secondary lenses, etc, an electrometer for the primary beam current monitor, a sweep system for the primary beam deflection plates, cables to connect to the vacuum feedthroughs, and a complete set of electronics for the secondary electron detector. We used our own duoplasmatron arc power supply since the VNC unit was not prepared for floating at nigh voltage. The typical operating voltages for the system are shown in Table I and figure 10.
5C(1).High Voltage Testing
Appropriate high voltage cables were made up to interconnect the various bridges, pow.:r supplies, etc. Since the special cables supplied for the primary beam deflection plates and current monitor were not capable of operating at high voltage, these elements were shorted to the primary column mounting tube whenever it was required to float the tube to high voltage such as for secondary column tests. 
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During all the testing and operation only one problem was found with the column associated with high voltage. On the last day of operation we experienced electrical breakdown between the two halves of the immersion lens. Upon disassembly, it was found that undersize insulating balls had been used in the previous assembly. This was corrected and no further problem is anticipated since this unit had earlier received extensive high voltage testing with the correct size insulators without failure of any kind.
Considerable high voltage difficulty was encountered with the electronics. A number of failures occurred in the divider bridges due to a variety of problems. A series of failures occurred in the sweep electronics as a result of high voltage transients (sparks) elsewhere in the system. The primary column power supply failed and had to be replaced with another unregulated unit whose specifications were not adequate for ultimate performance of the unit. The secondary column power supply failed several times and was given makeshift repairs. The thermocouple vacuum gauge for the duoplasmatron failed due to an arc requiring the last of the tests to be done based on the reproducibility of the leak valve setting.
5C(2). Primary Beam Sweep System
The inability of the cables for the primary beam deflection plates and current monitor to operate at high voltage made it impossible to use these functional features when the secondary column was being used. This made it impossible to use the superior secondary electron imaging technique for primary beam spot size evaluation and also made it impossible to get accurate estimates of the primary beam current incident on the sample during measurements of the secondary ion column efficiency.
The deflection plate drive electronics provided a "stair-step" sweep output. Each step represented a beam
deflection of greater than one-half micron so the system was not usable for evaluation of primary spot sizes less than several microns in diameter. As a result, a sweep system had to be jury-rigged to permit the beam to be swept in finer increments. Considerable time was spent devising a temporary system which would operate with equal voltages and opposite polarities referenced to ground and still have reasonably low ripple.
Just before the acceptance tests one of the deflection plates was found to be shorted to the primary column tube. Time did not permit the system to be disassembled to diagnose the cause of the short before shipment. It is probable that the short occurred as a side effect of an arc in the electronics that occurred during testing of the secondary column that also took out both sweep drivers, the vacuum gauge, and the sccondarv column power supply.
5D. ION TESTING 5D(1). Primary Beam Deflection and Current Monitor
The primary beam sweep system showed capabilities well in excess of specifications with deflections of up to 600 microns, The current to the sample was uniform over the specified sweep area to better ciian 10% with 5% being more typical.
Time limitations did not permit determining the optimum deflection plate voltage ratios which would give the beam crossover in the lens with the lowest aberrations although variations in performance could be noted with different ratios. Our best results were obtained for a nominal pivot point 2.8 cm above the sample surface. mmmmm w^f~~^wmiim*mmmmmm*^^^*'^*m^'^***^™*'^^***^***^^^^^ ■■ ' ' ' 40
The primary beam current monitor worked without flaw giving a strong and stable signal even during alignment of the aperture. The ratio of monitor current to sample current was on the order of forty to one.
5D(2). Primary Beam Spot Size
Due to the inability to use the secondary electron detector while scanning and due to the lack of a movable stage it was necessary to measure the primary beam size by scanning the beam over a fine metal mesh in the sample position while monitoring the current which passes through the iresh with a faraday cup behind the sample. The spot size measurements were limited by a variety of factors. The irregularities in the mesh were on the order of 0.1 to 0.2 microns. Ripple on the deflection plates was sufficient to cause appreciable blowup of the spot. And, the substitute primary column power supply had sufficient ripple to cause some spot size deterioration.
Typical observed performance was a spot diameter of 0.34 micron diameter with astigmatism less than 30%, and a delivered current of 2xl0~1 1 amperes of positive air ions for a current density of 22 ma/cm 2 . With identical focal conditions, a spot size of 0.55 microns with -3.5xl0~1 0 amperes was observed by reversing the polarity of the primary column so it delivered negative ions and electrons and using maximum offset of the "Z" electrode in the duoplasmatron. The extremely high current density in the negative polarity beam (150 ma/cm 2 ) shows that the column was very efficiently transmitting electrons as well as negative ions.
If you assume a duoplasmatron ion source brightness of 100 amps/cm 2 -ster in the positive mode which is our specification for the duoplasmatron and a spherical aberration coefficient of 23 cm for the objective lens, the theory which excludes all
other perturbations to the beam except spherical aberrations predicts a current of 2.78xl0~1 , amps in a spot of 0.34 in microns. Our measured value comes within 70% of the most optimistic theoretical value from the standpoint of possible aberrations to the beam. The actual measurement was not done with optimumized settings on the condenser lenses. We feel this result is most encouraging and is indicative of the ability of the system to achieve better spot sizes than we have observed during our brief period of testing.
During the negative polarity ion beam tests the adjustable "Z" electrode in the duoplasmatron worked as predicted with only very marginal deterioration of the overall vacuum while the electrode was actually being movid.
As mentioned earlier the astigmator was not put into operation as we did not feel we had reached the point where astigmatism was our limiting factor.
5D(3). Secondary Ion Column and Secondary Electron Detector
The measurements of secondary ion transmission were made with the sample at 15 kV which means the primary column was at 13.5 to 14.5 kV and the lenses and duoplasmatron were at potentials as high as 35 kV. As a result, it was impossible to use the primary sweep system and current monitor. Under these conditions, the primary column would be set up as close as possible to a known operating point. The ion current leaving the secondary column was restricted by an angular aperture meeting the required specifications of the mass spectrometer and the secondary beam passing this aperture was collected by a faraday cup. Estimates of the value of the secondary ion current collected by the pickup electrode was made by using the grounded portions of the immersion lens, slit, and secondary electron de:ector deflection plates as a large faraday cup.
During the secondary column tests it was necessary to shut off the ion pump immediately below the secondary column to eliminate background currents from the unbaffled pump.
CONCLUSIONS
The results of the unit obtained in a very short period of operation were very encouraging and show good promise for improved performance in the future. The unit showed outstanding reliability and stability throughout the testing period. 
